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ABSTRACT - 

Studies have been conducted on the feasi  bi 1 i ty of s t e r i  1 i zing potting 

compound a t  temperatures ranging from ambient to  125C by addition of s t e r i l a n t  

chemicals (formaldehyde-li berating synthetic resins and polymers) to  the 

potting compound during the curing process. Evidence was obtained which indi- 

cated tha t  the polymeric form of monomeri c formaldehyde, paraformaldehyde, was 

considerably more effect ive as a s t e r i l i z ing  agent than were the formaldehyde- 

resins used, With a concentration of 1 mg paraformaldehyde i n  100 cc a i r ,  routine 

5 sporicidal ac t iv i ty  (inactivation of 1 x 10 bacterial spores) was achieved within 

72 hours a t  22C, 14 hours a t  35C, 5 hours a t  60C, and 1 hour a t  125C. Analytical 

calculations showed tha t  a maximum of 1 x lo5 molecules of monomeric formaldehyde 

per bacteri a1 spore were required for  inactivation. Potting compound-steri l an t  

mixtures proved inhibitory against both Gram positive and negative microorganisms , 

the degree of inhibition being a function of the t e s t  organism, s t e r i l a n t ,  and 

s t e r i  l an t  concentration. Data from studies on the loss of monomeric formaldehyde 

from synthet ic  resins ,  paraformaldehyde, and potting compound-steri lant  mixtures 

suggested that  internal sub1 imation of s t e r i  lants with outward diffusi  on of 



-5lpori zed formaldehyde transpi red ,  During this  process ~f evolution o f  s te r i -  

l i z i n g  gas, i t  was theorized t h a t  embedded bacterial spores were subjected t o  

in s i  t u  inactivation with the resultant s t e r i l i za t ion  of the ent i  re component. -- 

Experimental verification fo r  internal s t e r i  1 ization of potting compound was 

subsequently obtained by employing a spore-embedding technique described in the 

report. Inactivation of 1 x lo5 embedded bacterial spores was achieved a t  

temperatures ranging from 45 to  906 within relat ively short  time periods with 

the use of melamine formaldehyde or paraformaldehyde as the s t e r i l a n t  additive. 

Prel iminary studies using DMSO in conjunction with monomeric formaldehyde 

suggested tha t  sporicidal ac t iv i ty  was enhanced using th is  combination. 

The concept of a "sel f-s t e r i  1 i zing" potting conipound has been demonstrated. 

Procedures were developed tha t  khould ensure the internal s t e r i  l i  ty of electronic 

spacecraft components. The appl icabi l i ty  of th i s  development t o  the NASA space- 

c r a f t  s t e r i l i za t ion  program could r e su l t  in a reduction of the total  encapsulated 

microbi a1 burden on spacecraft, thereby a1 lowing a shorter and less  thermally 

destructive heat s t e r i  1 ization cycle. Also th i s  technique might be applicable 

t o  the preparation of s t e r i l e  science instruments being designed for. use in the 

Viking program and other subsequent planetary explorations. 



INTRODUCTION 

This repor t  presents the research conducted by Becton, Dickinson and 

Company during the period of August 13, 1968 through October 13, 1969 in 

support of the  planetary quarantine requirements of the  National Aeronautics 

and Space Administration under Contract NASw-1764. Research management was 

provided by Dr. G. Briggs Ph i l l i p s ,  Director,  Becton, Dickinson Research 

Center (BDRC) , and Dr. J. J. Tul i s ,  Director,  Microbiological Sciences, BDRC,  

acting as Project  Off icer  and Assis tant  Project  Off icer ,  respectively.  The 

consul ta t ive  services  of Dr. J .  H.  Brewer a r e  g ra te fu l ly  acknowledged. 

The sub jec t  research program was i n s t i t u t ed  as the  r e su l t  of a proposal 
, 

prepared by Drs. Brewer and Ph i l l i p s ,  dated August, 1967, and submitted t o  the  

Office o f  Space Science and Applications, National Aeronautics and Space 

Administration. A one-year contract  was entered i n to  as of August 13, 1968 

between NASA Headquarters and Becton, Dickinson and Company. A 2-month, no- 

cost  extension of t he  contract  t o  allow conclusion of laboratory research and 

f i na l i z a t i on  of t h i s  repor t  was approved, thereby extending the contract  through 

October 12, 1969. 
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Technica l  briefings a n  the s ta tus  o f  the c o n t r a c t  research were presented 

a% t h e  NASA Spacecraf t  Steri  l i z a t i  on Technology Seminars he1 d a d  Cape Kennedy 

on February 12, 1969 and the  Southwestern Radi ol ogi cal Health Laboratory, Las 

Vegas on September 24, 1969. 

Data presented i n  t h i s  repor t  a r e  concerned w i t h  the  successful development 

of methodology f o r  the  in te rna l  s t e r i l i z a t i o n  of pott ing compound. I t  was 

recognized ear ly  i n  the  contract  s tud ies ,  a f t e r  preliminary experimentation had 

been completed, t h a t  maximal e f f o r t  should be expended towards the s a t i s f ac to ry  

completion of the indicated task,  namely, the in ternal  s t e r i l i z a t i o n  of pott ing 

compound, because of the  formidable challenge posed by t h i s  problem. In order 

t o  achieve our goal, however, i t  was considered important t ha t  the temperature 

I 

parameters as o r ig ina l ly  s t a t e d  be expanded. Therefore, the experimental 

temperature range was a l t e r ed  and s tudies  were conducted from ambient t o  125C. 

ra ther  than 45 t o  60C. The ra t iona le  f o r  t h i s  temperature range was 2-fold; 

namely, s tudies  conducted a t  125C would be applicable t o  the  vast knowledge 

t h a t  NASA has accumulated on dry heat s t e r i l i z a t i o n  a t  t h i s  temperature, and the  

known i n t e r e s t  in s t e r i  l i za t ion  of heat-sensi t i v e  materials  a t  temperatures 



_lightly above ambjen l ,  I n  a d d l ' t i o n ,  the  polyniet-ic farm of formaldehyde, 

paraformaldehyde, was included in the contrac"cslud-ies along w i t h  the formalde- 

hyde containing organic resins ,  Thus, previously acquired knowledge gained a t  

Becton, Dickinson and Company on paraformaldehyde could be applied to  the 

contract research. Also, a t  the suggestion of NASA, preliminary studies on the 

combined ef fec t  of formaldehyde gas and dimethyl sul foxi de (DMSO) were conducted. 

During th i s  contract period, only limited studies on mated surfaces were per- 

formed. I t  was f e l t  t ha t  our approach would most direct ly  reach a s c i e n t i f i c  

milestone which would be profitable to  NASA; and, in the f inal  analysis,  much 

o f  the knowledge gained in the studies on the s t e r i l i za t ion  of potting compound 

could be applied t o  the s t e r i l i za t ion  of mated surfaces. 

The potting compound used 'in our studies was selected as a convenient 

representative electronic  material t ha t  would best faci l i  t a t e  the exploratory 

studies. I t  was necessary tha t  the material used not be highly exothermic and 

lend i t s e l f  t o  the laboratory procedures required t o  conduct s t e r i l i za t ion  

feasibi 1 i ty studies.  Dow Corning RTV-3940 sa t i s f ied  these requirements and 
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was used as a regresentati ve p a t t i n g  compound t h r o u g h o u t  our studies , Testing 

o f  a b road  range sf po t f ' i ng  corr~pounds was obvl"ous1y beyond the scope s f  t h i s  

p r e l i m i n a r y  i n v e s t i g a t i o n .  



BACKGROUND 

In recent years there have been a number of attempts to  produce coatings 

or product additives tha t  wi 11 resu l t  in materi a l s  with "se l f - s te r i  l izing" 

properties ( 9,12). Generally, l i t t l e  or  no success in achieving s t e r i l i t y  

has resulted from the use of non-volatile or low-vapor-pressure chemi cals ( ,9 ). 

This i s  primari ly because such chemicals usually' require high moisture envi ron- 

ments fo r  maximum bactericidal ac t iv i ty  (6,8,10 ) and, even in th i s  instance, 

show only limited sporicidal ac t iv i ty ,  On the other hand, some success has been 

experienced in the development of se l f - s t e r i l i z ing  materials t ha t  incorporate 

volati  le-type disinfectants ( 9 ). Nevertheless, the usefulness of a volat i le  

I 

germicide i s  maximized i f  vo la t i l i t y  i s  very low a t  ambient temperatures ye t  

s igni f icant  a t  elevated temperatures below 100C. 

Studies conducted a t  Becton, Di ckinson and Company laboratories prior to  

in i t i a t ion  of the contract studies demonstrated the potenti a1 usefulness t o  

spacecraft s t e r i l i za t ion  problems of organic chemicals containing a volat i le  

chemical germicide. Specifically , i t  appeared feasible and practical that  

s t e r i l a n t  mixtures could be developed that  would be relat ively inactive a t  



ambient conditions b u t  when placed a t  moderately elevated temperatures, would 

evolve s u f f i c i e n t  amounts of  s t e r i l a n t  t o  inac t iva te  large  numbers o f  bacter ia l  

spores. 

The rationale for  our studies was based on the knowledge tha t  various 

organic resins and polymers, when exposed to  elevated temperature, wi 11 release 

potential 1y s t e r i  1 izing quantit ies of gaseous formaldehyde along with the 

required amount of moisture. The active formaldehyde evolves from the organic 

resin or  polymer i n  such a manner that  the rate of release,  and therefore the 

s t e r i l i za t ion  process, i s  a function of time and temperature. The amount of 

s t e r i  l an t  gas and moisture released i s  extremely small and contaminating 

, microorganisms are  theoretically subjected to in s i  t u  s t e r i  l i za t ion  without 
f l  

untoward ef fec ts  on the electronic par t s ,  mated surfaces, or surrounding areas. 

The chemi cal compounds under i nves t i ga t i  on possessed the common property of 

l iberat ing formaldehyde gas upon elevation of temperature. Included in the 

studies were representative compounds of the synthetic resins and the polymer, 

paraformal dehyde. The synthetic resins used are reaction products of melamine, 

urea and phenol with formaldehyde. The major chemical properties of paraformal- 
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dehyde are l i s t e d  i n  Table I ,  Appendix ,  

Me1 amine ( 2 ,  4 ,  6 t r i  amine - 9 , 3, 5 t r i an i  ne) reacts under a1 kal i ne 

conditions with formaldehyde t o  give various methyl01 derivatives (17).  

Because s i x  reactive s i t e s  are  available,  the hexamethylol melamine compound 

can be prepared. However, the most commonly used product i s  the methylated 

trimethyl 01 me1 amine (17),  the s t ructure of whi ch i s  depicted in Figure 1 ,  

Appendix. Cationi c resins can be formed with me1 amine formaldehyde under 

acidic conditions (16) ,  which are  used to  impart wet strength properties to  

paper and shrink resistance properties to  text i  1es . 

The reaction products of urea and formaldehyde are a mixture of mono-methyl01 

urea and di-methyl01 urea (16). The mono-methyl01 urea compound, with only one 
< 

formaldehyde reactive group, i s  not as effect ive in imparting s t a b i l i t y  t o  

ce l lu los ic  fabrics as i s  the di-methyl01 urea (17),  the structure of which i s  

shown i n  Figure 2 ,  Appendix. Urea formaldehyde i s  used in the paper and t e x t i l e  

industry to  provide desired properties to these materials, e i ther  as a preconden- 

sa te  ( i  . e . ,  mixture of mono- and di-methyl01 urea) which penetrates the cellulose 

fibers t o  form the 3-dimensional resin in s i tu  or as a par t ia l  condensate which 



does n o t  penetrate the  ce71ulose f-ibers b u t  instead forms the 3 djmensional 

res in  on the f i b e r  surface ( 16 ) . Aqueous urea formaldehyde solutions dl" f fer  

from formalin solut ions  by containing methyl01 ureas of low molecular weight 

and water-soluble urea formaldehyde condensates; some f ree  and loosely bound 

hydrated formaldehyde (methylene glycol)  i s  present ( 28 ). Aqueous formaldehyde 

(formal i n )  i s  composed mainly of methylene glycol and various polymeric hydrates 

(polyoxymethylenes) ; very 1 i t t l e  unhydrated monomeric formaldehyde i s  found ( 21 ). 

The phenol formaldehyde res ins  represent many complex products which a re  

produced by reacting formaldehyde w i t h  various phenolic compounds ( 25 ) .  The 

reaction of formaldehyde with the  phenols can be catalyzed by both ac id i c  and 

a lka l ine  conditions thereby resu l t ing  i n  products ranging from simple methyl01 

r 

and methylene der ivat ives  (Figure 3, Appendix) t o  very complex res ins  (26 ).  

Phenol formaldehyde res ins  a r e  defined as "mixtures of polymethylene compounds 

i n  which phenolic rad ica l s  a r e  linked by methylene groups" (27 ).  

Paraformaldehyde i s  defined as "a mixture of polyoxymethylene glycols 

containing from about 90 t o  99 per cent  formaldehyde and a balance consist ing 

primari ly of f r e e  and combined water" ( 22) .  I t  i s  not a new compound, having 
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been f i r s t  prepared i n  1859 f 4 ) ,  and named ""paraformaldehyde" -in 1888 (19 ). 

The chemical  composition o f  paraformaldehyde i s  shewn in Fl'gure 4 ,  Appendix, 

where "n" may represent from 8 t o  100 formaldehyde uni ts .  Because of t he  

r e l a t i ve  i n so lub i l i t y  of paraformaldehyde i n  acetone, a property not exhibited 

by low molecular weight polyoxymethylene glycols,  the  majority of the polymeric 

forms of paraformaldehyde contain more than 12 formaldehyde units  ( 2 3  ).  In 

appearance, paraformaldehyde i s  a color less  so l id ,  which may be f laky,  granular ,  

o r  a f i ne  powder. A t  ambient temperatures, paraformaldehyde slowly vaporizes 

releasing monomeric formaldehyde gas; probably accompanied by water vapor ( 14 ) . 

The r a t e  of depolymerization i s  a function of heat  and ava i l ab i l i t y  of polymeric 

end groups (24 ), s ince  depolymerization occurs a t  t he  hydroxyl end groups as 

an "unzippering" react ion.  Thus, paraformaldehyde composed of high molecular 

weight polymers wi l l  evolve gas more slowly than t h a t  composed of low molecular 

weight polymers, although the  depolymerization r a t e  i s  the same fo r  both. The 

end r e s u l t  of polymer breakdown i s  the  formation of water from the  terminal 

methylene glycol residue. W i t h  iniprovements in processing, the paraformaldehyde 

manufactured today has a r e l a t i ve ly  narrow molecular weight range. 



Paraformaldehyde has been used as a fungicide and bactericide for sollie 

years. K a i t z  ( 11 ) ,  -r'n 1956, described the use of  the Pine w h i t e  powdered 

paraformaldehyde f o r  the production of formaldehyde gas, a process subsequently 

used extensively i n  the poultry industry ( 20 ) . The use of paraformaldehyde as 

a surface  s t e r i l a n t  and detoxifying agent was described i n  a recent publication 

by Taylor e t  a1 ( 1 8 ) .  

The decision t o  include paraformaldehyde as a candidate fo r  incorporation 

in to  t h e  pot t ing compound i n  order to  achieve s t e r i l i t y  was founded on the  

knowledge t h a t  t h i s  material i s  an excel lent  source of monomeric formaldehyde 

gas which can be produced i n  a temperature-controlled reaction.  Because para- 

formaldehyde depolymeri zes compl e te ly  t o  y ie ld  pure monomeric formaldehyde 
,' 

there  a r e  no contami nating residues as found w i  t h  formal i n  sol utions (methanol 

and formic acid  res idues)  o r  the various synthet ic  res ins  (complex res in  

res idues ) .  Thus, paraformaldehyde provided us w i t h  the best  avai lable  source 

of formaldehyde gas fo r  assessment of the  potential  app l icab i l i ty  of the  

synthet ic  res ins  i n  spacecraf t  component s t e r i l i z a t i o n .  



RESEARCH OBJECTIVES 

The overall purpose of th i s  research was to  investigate and develop a 

useful method fo r  s t e r i l i z i n g  potting compound a t  temperatures above ambient 

b u t  below those usually required for  dry heat s t e r i l i za t ion .  The specif ic  

objectives of the research were t o  evaluate the f eas ib i l i t y  of using various 

resins or polymers for  s t e r i l i z i n g  potting compound a t  various temperatures, to  

determine on the basis of appropria-te studies how the s t e r i l a n t  mixtures could 

be most effect ively applied, to' se lec t  candidate systems fo r  more extensive 

s t e r i  1 ization kineti cs s tudies ,  and t o  develop methodology for  the verification 

of internal s t e r i l i t y  of potting compound. 

By adhering t o  a systematic research approach, answers have been provided 

f o r  the following relevant questions. 

I .  What a re  the comparative sporicidal properties of the synthetic 
resins and paraformal dehyde? 

2. Will su f f i c i en t  s t e r i l i z i n g  gas be released f r  m b g  amounts of P potential s t e r i  l an t  chemicals to  inactivate 1 x 10 bacteri a1 spores 
within a meaningful time period? 

3. What i s  the relationship of temperature to  the efficacy of the . 

s t e r i l i za t ion  process when using the formaldehyde-li berating chemicals? 



4, Can the various sterilant a d d i t i v e s  be mixed w i t h  p o t t i n g  compound 
wi thout a1 t e r i  ng the gross or obvious character is t ics  of the materi a1 ? 

5, Are the mixtures of RTV and s t e r i l a n t  suff ic ient ly  b ioc ida l  to  
inhs'bi t mi crobi a f  growti]? 

6. \(/hat are the comparative biocidal properties of the various RTV- 
s t e r i l a n t  mixtures as revealed by the zone inhibition t e s t ?  Ififhat i s  
the e f f ec t  of s t e r i l a n t  concentration? 

7. What are  the re la t ive  sens i t iv i t i e s  of various Gram positive and 
negative bacteria t o  the RTV-steri lan t  mixtures? 

8. What are  the kinetics of gaseous evolution from melamine formalde- 
hyde and paraformaldehyde a t  temperatures ranging from ambient to  125C? 

9. How do the kinetics of gaseous evolution from resin-RTV and polymer- 
RTV compare t o  those of the pure chemicals? 

10. What i s  the molecular relationship of formaldehyde gas inactivation 
of bacterial  spores when using various donors of formaldehyde gas? 
When the gas i s  released a t  different  rates? 

11. What happens to  the biocidal properties of RTV-steri lant  mixture upon 
exposure to  elevated temperatures? 

12. Can s t e r i l i za t ion  of bacterial  spores be achieved a f t e r  prior exposure 
of RTV-sterilant mixtures t o  elevated temperatures? 

13. How can informati on on the temperature control led release of formalde- 
hyde from me1 amine formaldehyde and paraformaldehyde be useful t o  NASA? 

14. Can microorganisms entrapped i n  potting compound be inactivated by the 
internal evolution o f  formaldehyde gas? A t  what rate? A t  what temperature? 
Wi t h  what additive and concentration? 

15. What i s  the s t e r i l i z i n g  e f fec t  of DMSO when used in combination with 
formaldehyde gas? 

16. What milestones have been reached by these studies? How can these 
studies be useful t o  NASA? 

17. What course of research i s  being pursued in future NASA-supported 
contract studies? 



EXPERIMENTAL P R O C E D U R E S  

Studies on the inactivation of bacterial spores were conducted with the 

use of B-D cer t i f ied  biologic indicators. These included spore s t r ip s  inoculated 

5 
with e i the r  Bacillus stearothermophilus (1 x 10 ) or Bacillus sub t i l i s  var niger 

5 
( B .  - globig i i ,  1 x 10 ) .  

The t e s t  procedure used for  evaluation of the biocidal properties of the 

various formaldehyde-1 iberating organic chemicals involved the placement of mg 

amounts of s t e r i l a n t  additive into 100 cc glass vessels, the stoppers of which 

were affixed w i t h  metal hooks onto which the f i l t e r  paper spore s t r ip s  were 

attached (Figure 5, Appendix). Stoppered vessels were sealed with paraffin prior 

t o  placement in incubators or  ovens a t  temperatures ranging from ambient t o  125C 
$3 
I 

f o r  evaluation of the s t e r i l i z i n g  efficiency of the various additives as a 

function of time and additive concentration. Trials  were conducted in t r ip l i ca t e  

and each parametric point was repeated a minimum of 2 times; the majority were 

repeated more often, Spore s t r i p s  were assayed for  viabi l i ty  by inoculation 

into trypticase soy broth (TSB) with appropriate incubation temperature (60C for  



t he  %hermophi1 i c  sporefsrrner R, stearetherniophl"1 ins_- and 376; for the  mesophi 1 jc 

spsreforn~er E. ) fo r  periods of a t  leas t  4 days with d a i l y  observation 

f o r  presence of growth. Posi t ive  cu l tu res  were examined fo r  possible contaminat- 

ing microorganisms i n  order t o  el iminate f a l s e  posi t ives .  

Studies on the  addi t ion of organic s t e r i l a n t s  to  pott ing compound were 

conducted with the use of spec i f i c  amounts of organic res in  o r  polymer and 

Dow Corning RTV 3140. The s t e r i l an t -po t t i ng  compound combinations were mixed 

thoroughly and then allowed t o  cure f o r  48 hours a t  ambient temperature, during 

which time a negl igible  weight loss  occurred (Table I1 , Appendix). To each 

25 ml of uncured RTV the  following amounts of melamine formaldehyde o r  para- 

formaldehyde were added: 0.475 and 2.375 g melamine formaldehyde t o  give 1.9 
/ 

and 9.5% addi t ive ,  respect ively;  and 0.250 and 1.250 g paraformaldehyde t o  give 

1% and 5% addi t ive ,  respect ively .  The t o t a l  weight of res in  i n  pott ing compound 

was 5.9 mg and 29.4 mg f o r  the  1.9% and 9.5% d iscs ,  respectively;  and the t o t a l  

weight of polymer i n  pott ing compound was 3.1 mg and 15.5 mg f o r  the  1% and 5% 

d iscs ,  respect ively .  By using t he  above concentrations of add i t ive ,  the ava i lab le  

formaldehyde residue in paraformal dehyde and me1 ami ne formaldehyde were comparable . 



For zone inhibition t e s t s  using a modification of the an t ib io t ic  d i s c  

sens i t iv i ty  procedure, 90 mm WTV-steri l a n t  d i scs  were prepared and placed onto 

trypticase soy agar surfaces previously inoculated with 24-hour cultures of the 

various t e s t  organisms. Included in these studies were Baci 1 lus globigi i , 

Serrat i  a marcescens, Klebsiel l a  pneumoniae, Staphylococcus aureus, and 

,Escheri chi a - col i . Zone inhibition readings were made a t  24,  48 and 72 hours a f t e r  

inoculation; zone diameters were measured i n  mm's. 

The method01 ogy employed i n  the determination of formaldehyde gas 1 oss 

from melamine formaldehyde and paraformaldehyde as a function of time and 

temperature included ser ies  of accurate weight assays using an analytical 

d ig i ta l  Mettler balance. Appropriate control samples were routinely included 

i n  a1 1 t r i a l s .  Individual experimental points were assayed in  t r i p l i c a t e  and 

repeated a t  l eas t  twice; 100 mg samples of resin or  polymer were used i n  

aluminum weighing pans. The studies on loss of formaldehyde gas from the resin- 

RTV and polymer-RTV mixtures were conducted in a similar manner; resul ts  were 

corrected f o r  any weight loss recorded fo r  control discs. 



Prel-irninary s tudjes  on the recovery of  bacter ia l  spores from R I V ,  us ing  a 

glycol ether f ~ r  melding of the RTV, i nd i ca t ed  t h a t  t h i s  solvent was t o o  

deleterious to  the spores t o  be useful. An a1 ternate method was developed 

which proved qui t e  sat isfactory in the recovery of spores from RTV,  a1 though 

not selected fo r  detailed studies because of low recovery efficiency. The 

procedure involved the sectioning of RTV matrices, using a plexiglass template 

and s t a in l e s s  s tee l  surgical blade. The resulting numerous small equal s i ze  

cubes were placed i n  buffer and the surface spores removed by insonation. The 

comparative recovery of viable spores from internal surfaces of treated and 

untreated RTV would theoretically provide information on the internal s t e r i  l iza-  

tion capabi l i t ies  of the additives as a function of time and temperature. As 

indicated, because of the low recovery of viable spores, further studies using 

th i s  method were abandoned. Additional exploratory research involved the use 

of contaminated sutures tha t  were sealed within RTV,  exposed to  certain experi- 

mental conditions, and removed fo r  assay. Problems were encountered in the 

removal of sutures from the cured RTV,  and th i s  procedure was also dropped. 

Thus, a f t e r  employing a number of laboratory procedures fo r  verification 



of interr3al sterility, the following method was selected as the most repro- 

duc ib le ,  r e a l i s t i c ,  and e f f i c i en t .  Biologic indicators ( f i l t e r  paper s t r i p s  

5 inoculated with 1 x 10 bacterial spores) were placed within 0.5 mi 1 plas t ic  

(Teflon) pouches, sealed, and then embedded within RTV, with or without addi- 

t ive ,  pr ior  to  the curing process (Figure 6 ,  Appendix). The actual method 

involved the use of 25 ml uncured RTV-steri lant  mixtures, one-half of which 

was placed into Petri  plates.  From 3 t o  9 sealed biologic indicators were then 

placed onto the surface of the uncured RTV-sterilant mixture and the remainder 

of the 25 ml volume poured over the p las t ic  pouches containing the bacterial  

spores. The plates were allowed t o  cure a t  ambient temperature fo r  72 hours 

prior t o  fur ther  evaluation a t  elevated temperatures. Control studies indi- 

cated tha t  suf f ic ien t  formaldehyde gas was not generated during the curing 

process to  completely inactivate the biologic indicators. Addi tional studies 

where embedded spores were held f o r  96 hours a t  ambient temperature gave the 

same resul ts  . The embedded spores were subjected t o  various time/temperature 

periods, a f t e r  which the s t r i p s  were removed asepti cal ly and assayed quali ta- 

Lively for viable spores by inoculation into TSB. Studies were conducted in 



triplicate ad 45, 60, and 90G- 

Studies on t h e  e f f e c t  of DMSO when used i n  conjunction with formaldehyde 

gas were conducted by saturating biologic indicators with undiluted DMSO and 

subsequently placing on hangers in 100 cc vessels as previously described. 

Formaldehyde gas was produced from paraformaldehyde by temperature elevation. 

Str ips  were removed a f t e r  specified time periods and assayed for  viable spores. 



Biocidal Propert ies of Synthetic Formaldehyde-Containing Resins and the Polymer, 
Para formal dehyde . 

Empirical evidence has been obtained which indicated t ha t  the  polymeric 

form of formaldehyde, paraformaldehyde, was considerably more e f f ec t i ve  a s  a 

s t e r i l  iz ing agent than were the  formaldehyde-resins. As indicated i n  Table I ,  

5 al  though 1 x 10 bacter ia l  spores could be k i l l ed  by exposure t o  melamine 

formaldehyde ( a t  '6 mg/100 cc a i r )  f o r  24 hours a t  45 o r  60C, i t  was not 

e f f ec t i ve  a t  l e s s e r  concentrat ions.  Inactivation was not achieved a t  any of 

the  concentrations used a t  22 o r  35C within 24 hours and inconsistencies i n  

k i l l  ing were observed i n  rep1 i ca t e  t e s t s .  
C 

The biocidal proper t ies  exhibited by urea formaldehyde, when used as  an 

aqueous solut ion a r e  shown i n  Tables I1  and 111. Due to  the viscous nature of  

the  r e s in  and general i n so lub i l i t y  i n  organic solvents ,  aqueous solut ions  of 

urea formaldehyde were prepared fo r  evaluation of sporicidal  a c t i v i t y .  Pre- 

liminary s tudies  showed tha t  1 t o  3 ml of a 50% urea formaldehyde solut ion were 

spor ic idal  within 24 hours a t  22 ,  35, or  60C. Information presented i n  Table 11, 



where 2 - 5  and 5 - 6  rng urea formaldehyde were used a t  GOG i n  a t e s t  method iden t i -  

cal t o  t h a t  used for melamine formaldehyde, shows complete i n a c t i v a t i o n  o f  meso- 

ph i l i c  spores of k. glob ig i i  within 2 to  3 hours whereas s imilar  inact ivat ion 

of thermophilic spores of 8. stearothermophilus required 4 hours a t  the  higher 

concentration of addi t i  ve. Prel iminary findings on the  feas i  b i l  i t y  of using 

aqueous urea formaldehyde, which i s  a mixture of low molecular weight methyl01 

ureas and urea formaldehyde condensates, as  a s t e r i l i z i n g  spray was demonstrated 

5 by the  inac t iva t ion  of 9 x 10 bacter ia l  spores on aluminum s t r i p s  following 

the spray appl i ca t ion  of a 1% urea formaldehyde so lu t ion  (Table 111). Sprayed 

s t r i p s  were a i r -d r ied  and then placed a t  45 o r  60C f o r  1 ,  2, o r  3 hours; complete 

k i l l  of bacter ia l  spores was achieved i n  1 hour a t  both 45 and 60C. 

.' 
By comparison, when using paraformaldehyde under s imilar  t e s t  conditions 

but a t  much lower concentrations (1 mg/lOO cc a i r ) ,  routine sporicidal  a c t i v i t y  

was achieved w i t h i n  72 hours a t  22C, 14 hours a t  35C, 5 hours a t  60C, and 1 hour 

a t  12% (Table IV). 

Information on the  biocidal a c t i v i t y  of paraformaldehyde (2  mg/100 cc a i r )  

a t  35C i s  shown in  Table V as a function of the time required fo r  v i s i b l e  



ml" crobi al growttl t o  becsn-ie e v i  den"r;a$"Le ppl acen~en t  of' exposed b i  01 og i  c -i nd-i - 

cators i n  s t e r i  l i  t y  t e s t  media, When b i  alogi  c i n d i  catsrs were exposed t o  

formaldehyde gas from paraformaldehyde for  a period of 4-7 hours, no difference 

in microbial growth as compared to  controls was observed. However, a 9-10 hour 

and a 12 hour exposure were associated with a delay in microbial growth a t t r i -  

,butable t o  a par t ia l  inactivation of the i n i t i a l  spore inoculum. - A 14-24 

hour exposure was associated with routine inactivation of a1 1 bacteri a1 spores. 

The comparative inactivation of 2 sporeforming bacteria,  - B. stearother- 

mophilis and - B.  g lob ig i i ,  by melamine formaldehyde or paraformaldehyde (2 mg/100 

cc a i r )  with 30 minutes to  3 hours exposure a t  125C i s  shown in Table VI. The 

spores of both Bacillus species were inactivated within about 1 hour by para- 

/ 

formaldehyde, whereas a t  l eas t  3 hours were required fo r  comparable inactivation 

by melamine formaldehyde. The different i  a1 in  bacteri a1 species sensi t i v i  ty 

observed in previous studies w i t h  urea formaldehyde (Table 11) wherein mesophilic 

spores were more sensi t ive than thermophi l i  c spores to  apparent gaseous inacti  va- 

tion was not evident in these resu l t s .  I t  i s  important to  recognize, however, 

t ha t  bacteria1 inactivation per se  a t  125C was a compounded ef fec t  O f  heat and 



s t e r i l i z i n g  gas f o r  both bacterial  species whereas a t  60C only the mesophiles 

were exposed t o  t h i s  combination of le thal  e f fec ts .  

Gaseous Evolution of Monomeric Formaldehyde from Me1 ami ne Formaldehyde, Para- 
formaldehyde, and.Potting Compound-Sterilant Mixtures a t  Elevated Temperatures 

w i t h  Concurrent Loss of Biocidal Activity 

In studies on the kinetics of evolution of formaldehyde gas, i t  was 

observed tha t  a t  60C approximately 10% loss of formaldehyde occurred within 6 

hours from the pure chemical paraformal dehyde and from 5% paraformal dehyde- 

RTV discs ,  respectively. The biocidal ac t iv i ty  of the RTV-sterilant discs was 

not reduced appreciably during this time as revealed by the zone inhibition 

-- 

t e s t  procedure. The loss of formaldehyde from paraformaldehyde continued 

progressively upon prolonged exposure a t  60C with a 73% loss observed a f t e r  
/ 

168 hours. 

The 1 oss' of gaseous formal dehyde from me1 arni ne formal dehyde a t  60C a f t e r  

6 hours was approximately 3% and 2% from the resin and from 9.5% resin-RTV 

discs ,  respectively. Some loss  of biocidal ac t iv i ty  was observed a f t e r  4-hours 

exposure of the resin-RTV discs t o  60C. The loss  of available formaldehyde from 

the resin continued until  72 hours, when a 10% loss was recorded and did not 

increase s ignif icant ly throughout the 168-hour exposure period. The comparative 



105s of formaldehyde from paraformal dehyde and me1 ami ne formaldehyde over a 

168-hout' period i s  depicted i n  Figure 9 ,  

AS shown i n  Figure 2,  a t  90C exposure approximately 52% loss  of formalde- 

hyde took place within 6 hours from paraformaldehyde. In comparison, about 

9% loss of formaldehyde occurred within the  same time period from the  res in ,  

melami nu formaldehyde. Within 24 hours the  respective loss of formaldehyde 

from tllu polymer and res in  were 82% and 10%. A t '  168 hours, when a l l  avai lable  

formalduhyde had evolved from paraformaldehyde, only 14% loss  was observed fo r  

me1 ami nu formaldehyde. 

A t  125C exposure, the  comparative loss  of formaldehyde as a gas from the  

polymer paraformaldehyde and the  res in  melamine formaldehyde was 95% and 6% 
I 

a f t e r  1 hour, 98% and 9% a f t e r  2 hours, 98% and 10.5% a f t e r  6 hours, and 100% 

and 24% a f t e r .  7 days, respectively (Figure 3 ) .  The findings indicated t h a t  

parafor~tialdell~de completely depolymerized and vaporized a t  125C w i t h i n  several 

hours s hhereas a f t e r  7 days exposure, me1 amine formaldehyde had 10s t approxi- 

mately one-fourth of avai 1 able  formaldehyde res i  due. 



I1lus"&rated i n  Fjgure 4 are the coniparatjve loss o f  gaseous formaldehyde 

from parafsrmaldehyde-RTV and me'lan~i ne formaldehyde-RTV d i  scs a t  90C and the 

resu l tan t  progressive decrease i n  bioci dal a c t i v i t y  which transpi  red. The 

average inhibi t ion zones a f t e r  1 ,  2, 4, and 6 hours p r io r  exposure of para- 

formaldehyde-RTV t o  90C were 23, 22, 16 and 12 mm in  diameter; no biocidal 

a c t i v i t y  was evident a f t e r  24 hours. The zones of inhibi t ion produced by 

melamine formaldehyde-RTV d iscs ,  a1 though not a s .  large i n i t i a l l y  as those pro- 

duced by the  paraformaldehyde-RTV discs ,  were indicat ive  of a slower r a t e  of 

loss  of biocidal a c t i v i t y  throughout the  24-hour exposure period. 

Studies on the  quan t i t a t ive  release of gas from the  polymeric form of 

formaldehyde, paraformaldehyde, a re  shown i n  Figure 5. Loss of formaldehyde 

through vaporization was recorded f o r  a 168-hour period a t  both ambient (23C) 

and 45C; f indings were extrapolated to  100% loss .  Depicted a r e  the  weight 

losses recorded and the extrapolated 1 inear  expressions which resul ted i n  a 

100% loss  a t  45C within 12.5 days and a t  ambient temperature w i t h i n  47 days, 

respectively.  

A summary presentation of data on the loss of formaldehyde from paraformal- 

dehyde and melamine formaldehyde a t  temperatures from 45C t o  125C and exposure 



periods o f  1 hour t h r o u g h  7 days i s  shown i n  Sab l e  VIII, S i g n i f i c a n t  differences 

i n  gaseous e v o l u t i o n  Prom t h e  two f o rma ldehyde - l i be ra t i ng  chemicals as a  f u n c t i o n  

of temperature can be seen. 

Microbi a1 Inhibi t ion of Pott ing Compound-Steri l an t  Mixtures 

Results from s tudies  on the inh ib i t ion  of bacteria by RTV pott ing compound 

discs  containing various concentrations of organic resin o r  polymer a re  present- 

ed i n  Table VII. Discs containing 1% paraformaldehyde displayed good inh ib i t ion  

aga ins t  Bacil lus g lob ig i i ,  Se r r a t i a  marcescens, Klebsiella pneumoniae, Staphylo- 

coccus aureus, and Escherichia col i  w i t h  zones of 15 t o  32 mm diameter. A t  5% 

paraformaldehyde, inh ib i t ion  zones of 26 t o  44 mm diameter were observed. 

Similarly prepared discs  containing melamine formaldehyde or  urea formaldehyde 

showed inh ib i t ion  only against  2. aureus a t  1% res in  addit ive with 16 mm and 

15 mm diameter zones, respectively.  A t  5% res in  addi t ive ,  the  melamine formal- 

dehyde d i scs  were somewhat more inhibi tory  than the urea formaldehyde d i s c s ,  

displaying inhibi tory  propert ies against  a1 1 t e s t  organisms except - K. pneumoni ae. 

Five per cent  urea formaldehyde discs showed no inhibi t ion against  - S. marcescens 

and - -  E .  c o l i .  A t  10% res in  addi t ive ,  discs prepared with e i t h e r  res in  showed 



r "nh l"b i t t "on  zones of 95 t o  24 rnrn dianieter, Represerrbtdive zones o f  -inl.-iih-i t l ' on  

a re  shown i n  Figure 6, 

In re la ted s tud ies ,  when d i scs  containing 1% paraformaldehyde were placed 

within 100 cc sealed vessels ,  s u f f i c i e n t  s t e r i l i z i n g  gas was released within 

5 4 t o  6 hours a t  90C t o  k i  11 1  x  10 bacteri  a1 spores. Under s imilar  condit ions,  

5% res in  impregnated d i scs  were not e f fec t ive .  Therefore, s tudies were con- 

ducted on the exposure t o  elevated temperatures of potting compound discs  

containing s t e r i  l a n t  addi t ive  p r io r  t o  biologic assessment f o r  residual biocidal 

a c t i v i t y .  Results indicated t h a t  a  1-hour exposure a t  125C or  5-hour exposure 

a t  60C a1 1  owed s u f f i c i e n t  residual formaldehyde t o  remain within discs orginal l y  

5 containing 1% paraformaldehyde t o  inac t iva te  1  x 10 bacter ia l  spores upon sub- 

sequent placement i n  100 cc sealed vessels f o r  1  hour a t  125C. 
I 

Inactivation of Embedded Bacterial Spores by Internal  Evolution of Monomeri c  
Formaldehyde 

The data presented i n  the  following s e r i e s  of tables  shows the  r e su l t s  of 

s tudies  on the inac t iva t ion  of RTV-embedded bacter ia l  spores as a  consequence 

s f  in ternal  formaldehyde gas evolution from melamine formaldehyde o r  paraformal- 

dehyde. Studies were conducted a t  45C, 60C, and 90C; inactivation of bacter ia l  



spores was examined as  a func t ion  o f  Ljme, a d d i t i v e ,  and a d d i t i v e  concentrat ion 

a t  the indicated experimental temperatures, 

Using 9.5% melamine formaldehyde-RTV or 5% paraforn~aldehyde-RTV a t  45C 

(Table IX) complete k i l l  of embedded spores occurred a f t e r  24-hours exposure t o  

paraformaldehyde, whereas incomplete inactivation was observed a f t e r  96-hours 

exposure t o  melamine formaldehyde. With a lesser  concentration of available 

formaldehyde, i .e. , 1.9% melamine formaldehyde o r  1% paraformaldehyde (Table X )  , 

a s imilar  inactivation profi le  was observed fo r  paraformaldehyde; melami ne 

formaldehyde proved ineffect ive in producing s t e r i  1 i ty a f t e r  96-hours exposure. 

A t  60C exposure, using the higher concentrations of resin or polymer addi- 

t ive  (Table XI), complete inactivation of internally placed spores was achieved 

a f t e r  2-hours exposure t o  paraformaldehyde-RTV and 36-hours exposure t o  melamine 

formal dehyde-RTV. As observed, parti  a1 inactivation ( i  .e. ,  some rep1 i cate spore 

s t r i p s  completely s t e r i l e )  took place a f t e r  1 hour and 12-hours exposure t o  

paraformaldehyde and melamine formaldehyde, respectively. In comparison, when 

using the lesser  concentrations of s t e r i l a n t  additive (Table XII),  6 hours of 

exposure t o  paraformaldehyde were requi red for  compl ete  ki 11 and incompl e t e  

ki I1  was observed a f t e r  96-hours exposure t o  melamine formaldehyde. 



30 

Information i s  presented i n  Tab le  X I I I  on t he  i n a c t i v a t i o n  o f  embedded 

bacterial spores a t  90C when using 5% paraformaldeliyde or 9.5% melamine 

formaldehyde. Compl e t e  spori ci dal act i  vi ty was achieved a f t e r  only 15-mi nutes 

exposure to  the formaldehyde polymers and a 1-hour exposure t o  the formaldehyde 

resin. Of in t e res t  was the part ia l  inactivation of embedded bacterial spores 

a f t e r  18-hours exposure a t  90C t o  R T V  alone, a finding that  has been reported 

by others ( 1 ). When using the lesser concentrations of s t e r i l a n t  additives 

(Table XIV), the time required fo r  complete inactivation of bacterial spores 

was s l ight ly  extended, i .e . ,  30 minutes and 2 hours for  the paraformaldehyde 

and me1 ami ne formaldehyde, respectively. 

Summary data on the inactivation of RTV embedded bacterial spores as a 

function of additive,  additive concentration, time and temperature i s  shown 

in Table XV.  Appreciable differences between the time required for apparent 

s t e r i  1 ization of RTV potting compound can be seen when comparing additive and 

temperature, whereas the 5-fold difference in additive concentration did not 

e f f ec t  the ki 11 ra te  s ignif icant ly.  



1 A c t i v i Q  of DMSO and F.1 

Prel iminary s tudies  on the spor ic idal  a c t i v i t y  of parafornialdehyde when 

used i n  combination with dimethyl sulfoxide (DMSO) are  shown i n  Table XVI. 

Spore s t r i p s  were exposed t o  DMSO and subsequently exposed to  formaldehyde gas 

l iberated from paraformaldehyde. A1 though data indicated t ha t  both DMSO and 

paraformaldehyde were spor ic idal  t o  varying degrees when used alone, the 

inact ivat ion of bac te r ia l  spores appeared enhanced when these agents were used 

i n  combination. A t  60C, 1 x lo5 bacter ia l  spores were k i l l ed  within 3 hours 

when subjected to  a mixture of DMSO and paraformaldehyde, whereas with para- 

formaldehyde alone 5 hours were required f o r  s imilar  inact ivat ion.  A t  90C, 

some inact ivat ion occurred a f t e r  30 minutes exposure t o  both DMSO and para- 

formaldehyde and complete k i l l i n g  took place within 60 minutes. In comparison, 

when DMSO or paraformaldehyde were used alone, 120 minutes were required fo r  

s imilar  inact ivat ion.  



Studies conducted a t  Becton, Di ckinson and Company on the potential appli- 

cation of formaldehyde-liberating compounds in the successful s t e r i l i za t ion  of 

potting conipounds have indicated that  the overall concept i s  en t i re ly  feasible.  

Research was conducted on the inactivation of bacterial spores by the synthetic 

resins ,  melamine formaldehyde, urea formaldehydG, and phenol formaldehyde, and 

the organic polymer, paraformaldehyde, both as pure chemicals and as additives 

to RTV potting compound. Subsequent research was di rected towards the procure- 

ment of data on the comparative loss o f  formaldehyde and biocidal ac t iv i ty  from 

potting compound-sterilant mixtures as a function of various parameters, and 

development of methodology f o r  the verification of the internal s t e r i l i t y  of 

potting compound. Candidate s t e r i  lants selected for  these 1 a t t e r  studies 

included the synthetic resin,  melamine formaldehyde, and the organic polymer, 

.paraformal dehyde . 

Without exception, the use of paraformaldehyde as a potential s t e r i  l an t ,  

i n  comparison with the synthetic resins,  proved to  be s ignif icant ly more 



e f f ec t i ve .  These r e su l t s  were not unexpected s ince  we were aware t h a t  para- 

formaldehyde was potenti  a1 'ly a be t t e r  source of monomeric formaldehyde t h a n  

were t he  syn the t i c  res ins .  I t  was apparent from the s tud ies ,  a l so ,  t h a t  the  

inac t iva t ion  process per s e  was s t r i c t l y  a function of avai lable  formaldehyde 

gas. Analysis of our data on the  biocidal a c t i v i t y  of control led  quan t i t i e s  

of paraformaldehyde a t  ambient temperatures and 60C (conducted i n  sealed 100 cc 

vessels)  i n  conjunction w i t h  our data on the evolution of formaldehyde gas from 

paraformaldehyde as a function of time and temperature provided information on 

the maximal molecular amounts of formaldehyde gas required t o  inac t iva te  micro- 

bi a1 spores .  Based on Avogadro's number, 1 mg formaldehyde contains 2 x 10 19 

5 molecules. Experimental evidence indicated t h a t  1 x 10 bacteri  a1 spores 

suspended i n  a 100 cc sealed via l  and exposed t o  9 mg paraformaldehyde would 

be inac t iva ted  w i t h i n  5 hours. During t h i s  period of time, as s tud ies  on 

evolution of gas as a function of time and temperature revealed, approximately 

7.5% of the  ava i l ab le  paraformaldehyde vaporized, i . e . ,  about 75 b g .  Calcula- 

t ions  showed t h a t  75 y g  formaldehyde were comprised of 1.5 x 1018 molecules. 

Thus ,  the  number of formaldehyde molecules dispersed in the  100 cc volume were 

16 1.5 x 1018 o r  1.5 x 10 /cc. Further volume re la t ionships  reduced the number 



13 3 of molecules accordingly, i . e . ,  1.5 x 10 /mm and 1.5 x I O ~ / ~ ~ -  Flcasurement 

showed t h a t  the suspended spore s t r i p  occupied 16.6  nm3 of space. Assuniing 

tha t  the spores were evenly distributed within th i s  volume, then 2 . 5  x 1014 

molecules of monomeric formaldehyde were required t o  inactivate each spore 

9 s t r i p .  Further calculations showed tha t  2.5 x 10 molecules of formaldehyde 

were required t o  inact ivate  each individual spore area ( the volume each spore 

occupied within the f i l t e r  paper s t r i p ) .  F ina l l .~ ,  i f  an individual bacterial 

spore occupied then 9 x lo4 molecules of formaldehyde (4.5 x 10-~' ,ug) 

were required to  inact ivate  the spore, 

The important aspect of these analytical calculations, which are based on 

experimental data, i s  t ha t  the findings from studies on spore inactivation by 

paraformal dehyde a t  ambient temperature, where the time required for  inactivation 

was considerably prolonged and ra te  of gaseous evolution considerably different ,  

4 resulted in comparable findings, i . e . ,  approximately 6 x 10 molecules of 

monomeric formaldehyde (3 x lo-" ,ug) were required to  inactivate the bacterial 

spore. In addition, studies wherein paraformaldehyde-RTV discs were subjected 

to  elevated temperature pr ior  to  biologic evaluation of residual spori ci dal 

ac t iv i ty  supported observations on the molecular relationship of formaldehyde 



gas t o  spore inac t iva t ion ,  In these s t ud i e s ,  d iscs  containing 3.1 mg para- 

fon~ia ldehyde were exposed t o  125C f o r  1 hour during which time approximately 

95% ( 2.95 mg) of added paraformaldel~yde had vaporized leaving a residue of 

approximately 150 ,ug. These discs  were then used f o r  biologic evaluation by 

placement i n t o  100 cc sealed vessels  containing biologic indicators  and sub- 

jected t o  125C f o r  spec i f i ed  time periods. Results showed t h a t  a  1-hour 

exposure period a t  12% was s u f f i c i e n t  t o  e f f e c t  s t e r i l i t y .  During this time 

period approximately 60% o r  90 b g  of the residual  paraformaldehyde had vapor- 

5 ized,  T h u s ,  approximately 1 x 10 molecules of monomeric formaldehyde ( 5  x 10- 12 

bg) were required t o  inac t iva te  each bac te r ia l  spore. 

Additional support ive evidence was provided upon analysis  of inac t iva t ion  

data when using melamine formaldehyde a t  125C. With the use of 2 mg melamine 

5 formaldehyde in  a 100 cc volume, 1 x 10 bacter ia l  spores were inact ivated in  
. . 

3 hours. Based on s tud ies  of gaseous evolution a t  125C, 9.5% of the avai lable  

formaldehyde had been released during this time period. Because only 53% of the 

me1 ami ne formaldehyde molecule is  comprised of formaldehyde res i  dues, ca lcula t ions  

showed t h a t  approximately 100 ,ug were released i n to  the 100 cc volume. Therefore, 



16 the number of forizialdehyde molecules dispersed per cc o f  volume was 2 x 90 

Using t h i s  infornrat-ion and the previous calcula t ions  on spore volun~e, the 

number of monomeric formaldehyde molecules required t o  inac t iva te  an individual 

5 bac te r ia l  spore was 1.2 x 10 (6 x 1 0 - ' ~ , u g  formaldehyde). 

Thus, the  maximal number of monomeric formaldehyde molecules required t o  

i nac t i va t e  a bac te r ia l  spore when using paraformaldehyde a t  ambient temperature 

o r  60C; when using residual  paraformaldehyde from heat- t r ea ted  RTV-steri l a n t  

d iscs  by exposure t o  125C; o r  when using melamine formaldehyde a t  125C were 

s im i l a r ;  i . e . ,  6 x lo4,  9 x lo4,  1 x lo5, and 1.2 x lo5,  respectively.  Com- 

para t ive  weight re la t ionships  were 3 x 10-"pg, 4.5 x 1 0 - " ~ g ,  5 x 10-12 p g ,  

and 6 x l o m J 2  pcj formaldehyde per bac te r ia l  spore, respectively.  These are  

conservative values and i t  i s  f u l l y  recognized t h a t  the minimum molecular 

quan t i t i e s  of monomeric formaldehyde gas required t o  inac t iva te  a bac te r ia l  

spore may be several  orders of magnitude lower s ince  ce r ta in  assumptions were 

made regarding spore d i s t r i bu t i on  and s i z e  i n  the ca lcula t ions .  Since the 

mechanism of spore inac t iva t ion  by gaseous formaldehyde i s  unknown, a p r i o r i  - 

4 t h i s  information appeared extremely s i gn i f i c an t .  Because 6 x 10 t d  1 x lo5 



3 7 

nio'iecules o f  fsrmafdel~yde gas were required t o  -inactivate a bacteer-ial spore, -it 

can be hypothesized t h a t  f o r  inac t iva t ion  to occur a la rge  number of i n t r a -  

c e l l  u la r  s i  t e s  have t o  be attacked by formaldehyde. The obvious i n t race l l  ul a r  

t a rge t  molecules appear t o  be the enzymes, of which there a re  numerous spec i f i c  

copies found in t race l  l u l a r l y .  Formaldehyde reac t s ,  in  general , w i t h  proteins by 

hardening them and decreasing t h e i r  water-sensi t iv i  t y  (29 ) .  Specifical  ly  , 

these tanning e f f e c t s  a re  due mainly t o  the cross-linkage of protein chains by 

methylene bonds containing react ive  groups ( 2 ) .  The various protein residues 

involved i n  reactions w i t h  formaldehyde includes primary amino and amido groups, 

guanidyl groups, secondary ami de groups, i  ndol e groups, mercaptan rad ica l s ,  

imidazole groups, and phenolic nuclei ( 30 ) .  Formaldehyde also reacts  w i t h  

nucleic acids and the  contribution of these reactions to  spore inact ivat ion 

cannot be discounted. I t  has been demonstrated t h a t  the inact ivat ion of viruses 

by formaldehyde can r e s u l t  from an aldehyde-nucleic acid reaction ( 7 ) .  Neely 

( 1 3  ), i n  s tud ies  on the  action of formaldehyde on microorganisms, s t a t ed  t h a t  

inact ivat ion may be due to  unbalanced growth with the subsequent formation of 

1 ,  3-thiazane-4-cardoxylic acid.  He indicated t ha t  both nuclear and cytoplasmic 

syntheses were impaired by t h i s  dual action of formaldehyde. 



The kfne t i c  s t u d i e s  on the loss o f  for-maldei~ydc Pro111 pure cl~ent- isals and  

from p o t t i n g  compound-s t e r i  l a n d  d i s c s  exposed t o  temperatures r a n g i n g  from 

ambient t o  125C suggested t h a t  in ternal  sublimation of s t e r i l a n t s  with outward 

di f fus ion of evolved formaldehyde gas had taken place. Data indicated t h a t  the 

t 

comparative ra tes  of gaseous evolution from the pure chemicals and from the 

,po t t ing  compound-sterilant mixtures were very s imilar .  In addi t ion,  the  complete 

vaporization of paraformaldehyde from the parafornaldehyde-RTV discs was cer ta in-  

ly indicat ive  of in te rna l  evolution,  outward di f fus ion,  and ultimate re lease  of 

formaldehyde gas. Although evolution of gas from paraformaldehyde occurred a t  

a f a s t e r  r a t e ,  eventually going t o  complete vaporization, as  compared t o  melamine 

formaldehyde, s u f f i c i e n t  s t e r i l i z i n g  gas was released from the  l a t t e r  synthet ic  

res in  t o  accomplish the required task of s t e r i l i z a t i o n .  The release of monomeric 

formaldehyde from melamine formaldehyde was limited and even a t  125C fo r  1'68 

hours only 25% of the  avai lable  formaldehyde was released as 'a vapor. The 

remaining formaldehyde residue was apparently bound i n  such a manner a s  t o  

preclude re lease  except a t  pyrolyt ic  temperatures. During the very process of 

in te rna l  production of the s t e r i l a n t  gas, i t  i s  anticipated t h a t  embedded contam- 

inat ing microorganisms were subjected t o  -- in s i t u  inactivation w i t h  the  ult imate 



sterl" ll" zat-ion o f  the ent-ire component, b4evertheless, a1 thougn experinzental d a t a  

indl"rect1y suggested t h a t  in ternal  s t e r i  1 i za t ion  of pott ing compounds was e n t i r e l y  

feasible  with the use of formaldehyde-1 i berating additives,  what was required 

was experiniental evidence for  the verification of internal s t e r i l i t y  of potting 

compound. In addition, the relationship between the concentration of additive 

and the time required f o r  internal s t e r i l i t y  needed to  be established a t  the 

various experimental temperatures. 

After employing several laboratory procedures in an attempt to  verify 

internal s t e r i l i t y ,  the embedding method previously described was selected as 

the mos t reproducible, re1 iable', and ef f ic ien t .  As reported data indicated, 

internal s t e r i l i t y  was achieved a t  temperatures ranging from 45 to  90C with 

paraformaldehyde and from 60 t o  90C with melamine formaldehyde. Of the para- 

meters studied, temperature appeared as the most s ignif icant  factor in effecting 

s t e r i l i t y .  The t e s t  procedure used, wherein the bacterial spores are  sealed in 

a 0.5 mil p l a s t i c  envelope, presented an increased challenge to  the s t e r i l i za t ion  

process by imposing a bar r ie r  t o  the passage of s t e r i l a n t  gas. In addition, the 

5 concentration of 1 x 10 bacterial spores within a volume of approximately 17 mm 3 

would n o t  be expected in potting compounds used in spacecraft electronic components. 



Neverdi>eless, even under these s t r ingent  chal lenge condl' "i on% ssterl"l i t y  was 

achieved a t  30C within 30 minutes and 2 hours, respectively, when using 1% 

paraformal dehyde or 1.9% me1 ami ne formaldehyde. According t o  data on gaseous 

evolution, less than 10% of the available formaldehyde was released by the 

additives during the period required f o r  internal s t e r i l i za t ion .  Therefore, 

i t  i s  ful  ly anticipated tha t  concentrations of additive considerably lower than 

1% could be used with extended s t e r i l i za t ion  periods. 

The interest ing chemical DMSO possesses a duality of properties that  prompted 

us t o  consider th i s  material as a potential enhancement factor in the s t e r i l i z a -  

tion of potting compound. These properties include the capacity of DMSO t o  ac t  

as a penetrant ca r r i e r  (15 ) and i t s  bactericidal ( 3 ) and virucidal ( 5 ) 

a c t i v i t i e s .  Thus, the combined action of DMSO and s t e r i l a n t  gas could theoreti-  

ca l ly  resul t  in an enhancement of sporicidal act ivi ty .  The mechanism of action 

of DMSO could be as a penetrant ca r r i e r  for  monomeric formaldehyde (increased 

penetrabili ty of potting compound or bacterial spore wall) or as an additive 

biocidal agent. Studies to  date, a1 though preliminary, indicated tha t  the 

combined use of DMSO and formaldehyde gas was associated with greater sporicidal 

ac t iv i ty  than when e i t h e r  agent was used alone. Additional studies are contem- 



p l a t e d  t o  o b t a i  n more clefin i t i v e  infomrat ion on the r:lechar~ism o f  a c t i o n  ?" nvo l  vecE, 

The concept s f  a " se l  f - s t e r i  l  i z i  rig"potti n g  compound has been deir~ons trated 

by the studies presented in th i s  report. Procedures were developed that  could 

ensure the internal ' s te r i  1 i ty of e lectronic  spacecraft components. The appl ica- 

bi l i t y  t o  the NASA spacecraft s t e r i l i za t ion  program could resu l t  in a further 

reduction o f  the to ta l  microbial burden of the spacecraft, thereby allowing a 

shorter and less  thermal ly destructive heat s t e r i l i za t ion  cycle. 
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FUTURE !dORK 

During the course of th i s  contract (IdASw-1764) a  new contract (NAS8-24513) 

was entered into between the Marshall Space Flight Center (MSFC) and Becton, 

Dickinson and Company. The current contract research systematically extends 

the studies reported herein. 

The MSFC contract will include an investigation of the basic parameters 

of paraformaldehyde s t e r i l i za t ion ,  i  . e . ,  the influence of environmental and 

ce l lu l a r  parameters on the inactivation of bacterial spores by formaldehyde gas. 

Specifi cal ly the role of re la t ive  tiumidi ty and ce l l  ular water content wi 11 be 

studied in relation to  gaseous i.nacti vation. Simulant spacecraft component 

pieces will be examined physically and functionally by MSFC a f t e r  exposure to  

the required elevated temperature for  the release of the s t e r i l i z ing  gas and 

upon demonstration by the Contractor that  the s t e r i l i za t ion  of subject component 

pieces had taken place. Additional organic resins and polymers selected jointly 

by MSFC and the Contractor, wi 11 be investigated. Thus, the specif ic  goal of 

th i s  program i s  to  develop a  useful and rel iable  method for  s t e r i l i za t ion  of 



p o t t i n g  compounds, mated and  exposed spacecraf"l;surfaces, occlrrdeci areas and 

electronic  systems attemperatures rang ing  from 60 t o  925C. 



TABLE I 

BIOCIDAL PROPERTIES OF MELAMINE. FORMALDEHYDE 

Melamine 
( a )  

Microbi a1 growth(b) a f t e r  exposure a t  
formaldehyde 

(m9 1 22C 35C 45 C 60C 125C 

( a )  Per 100 cc a i r ;  24-hour exposure. 

5 (b) Biologic indicators with 1 x 10 B.  stearothermophi lus spores/strip 
suspended in sealed glass vessels, 



Urea ( a )  formaldehyde 
(ms> 

TABLE I I  

BIOCIDAL PROPERTIES OF UREA FORMALDEHYDE AT 60C 

Test. ( b )  Microbi a1 growth a f t e r  indicated exposure ( h r s )  
bacteri  urn 

1 2 3 4 5 6 

B. g l ob ig i i  - 

B. stearothermophi 1us - 

B. g lobigi i  + - - - - - - 
B. stearothermophi lus - + + + - - - 

( a )  Per 100 cc a i r ;  used as  5-10% aqueous solut ion.  
5 

( b )  Biologic ind ica to rs  w i t h  1 x 10 bacter ia l  spores / s t r ip  suspended i n  sealed glass vessels ,  



TABLE I11 

.STERILIZING ACTIVITY OF 1% AQUEOUS SOLUTION 

OF UREA FORMALDEHYDE 

Ti me ( a )  Microbial growth(b)  a f t e r  exposure a t  
( h r s )  22C 45C 60C 

( a )  Exposure time a t  i n d i c a t e d  temperature  a f t e r  sp ray  a p p l i c a t i o n  o f  
1 % urea  formal dehyde . 

( b )  - B.  g l o b i g i i  on metal s t r i p s .  



TABLE IV 

BIOCIDAL PROPERTIES OF PARA FORMALDEHYDE(^) 

Time Mi crobi a1 growth(b) a f t e r  exposure a t  
(hrs 

22C 35C 60C 125C 

(a )  1 mg/100 cc a i r .  

( b )  Biologic indicators with 1 x lo5 B. stearothermophilus 
spores/strip suspended in sealed y1 ass vessels. 



TABLE V 

BIOCIDAL ACTIVITY OF PARA FORMALDEHYDE(^) AT 3 5 ~  

( b  
Microbi a1 growth(c) a t  indicated 

T i  me incubation time (hrs) 
(hrs) 

(a )  2 mg/100 cc a i r ,  

( b )  Exposure time in sealed glass vessel. 
5 ( c )  Biologic indicators with 1 x 10 - B. stearothermophilus 

sporeslstri p. 





Bacteri um 

TABLE VII 

MICROBIAL INHI  BITION BY POTTING  COMPOUND(^)-STERILANT MIXTURES 

Inhi b i  t i  on zones ( b )  ( 9  wi t h  i n d i  cated addi ti ve 

Paraformal dehyde Me1 ami ne forma 1 dehyde Urea formaldehyde 
1 % 5% 1 % 5 % 1% 5 % 

B. g lobigi i  - 
S . ma rces cens - 

K. pneumoniae - 
S. aureus - 

E.  coli - -  

( a )  RTV-3140. 

( b )  Modification of c lassical  ant i  b io t ic  sens i t iv i ty  procedure; discs 10 mm i n  diameter. 



Exposure 
time 
(hrs 

TABLE VIII 

LOSS OF FORMALDEHYDE FROM PARAFORMALDEHYDE AND MELAMINE FORMALDEHYDE 

AT ELEVATED TEMPERATURES 

Percent 1 oss at indicated exposure temperature 

45C 60C 90C 125C 
P F M F P F M F P F MF P F M F 



TABLE IX 

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 45c BY FORMALDEHYDE GAS 

Exposure Mi crobi  a1 cjrowth(' ) a f t e r  exposure t o  
time ( h r s )  RTV RTV-MF@) R T V - P F ( ~ )  

5 (1 )  Bio logic  i n d i c a t o r s  with 1 x 10 b a c t e r i a l  s p o r e s / s t r i p .  

(2 )  Melamine formaldehyde (9.5%). 

(3 )  Paraformaldehyde (5%). 



TABLE X 

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 45C BY FORMALDEHYDE GAS 

Microbi a1 growth(1 ) a f t e r  exposure t o  
Exposure 

time (h r s )  RTV RTV-MF@) R T V - P F ( ~ )  

(1) Biologic indicators  w i t h  1 x lo5  bacter ia l  spores /s t r ip .  

( 2 )  Melamine formaldehyde (1.9%). 

(3 )  Paraformaldehyde (1%).  



TABLE XI 

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 60C BY FORMALDEHYDE GAS 

Exposure Mi crobi a1 growtht ' a f t e r  exposure t o  
time (h r s )  . RTV R T V - M F ( ~ )  R T V - P F ( ~ )  

5 (1)  Biologic indicators  w i t h  1 x 10 bacter ia l  spores / s t r ip  
(2)  Me1 amine formaldehyde (9.5%). 
(3) Paraformaldehyde (5%).  



TABLE XI1 

INACTIVATION OF EMBEDDED \ BACTERIAL SPORES AT 60C BY FORMALDEHYDE GAS 

Exposure Mi crobi  a1 growth(1 ) a f t e r  exposure t o  
time ( h r s )  RTV R T V - M F ( ~ )  R T V - P F ( ~ )  

0 + + + 

3 + 

5 + 

B i  01 ogi c i ndi c a t o r s  w i  t h  1 x 1 o5 b a c t e r i  a1 s p o r e s / s t r i p .  
Me1 ami ne formal dehyde (1.9%). 

( 3 )  Paraformaldehyde (1%).  



TABLE XI11 

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 90C BY FORMALDEHYDE GAS 

Exposure ' Microbi a1 growth(1) a f t e r  exposure t o  
t i  me RTV RTV-MF@) R T V - P F ( ~ )  

0 

15 m i n  

30 " 

45 " 

1 hr 

2 " 

( 1 )  Biologic indicators  w i t h  1 x lo5 bacter ia l  spores / s t r ip .  
(2)  Me1 amine formaldehyde (9.5%). 
( 3 )  Paraformaldehyde (5%). 



TABLE XIV 

INACTIVATION OF EMBEDDED BACTERIAL SPORES AT 90C BY FORMALDEHYDE GAS 

Exposure 
ti me 

M i  crobi  a1 growth" ) a f t e r  exposure t o  

RTV RTV-MF@) R T V - P F ( ~ )  

15 min 

(1 )  Bio logic  i n d i c a t o r s  with 1 x lo5 b a c t e r i a l  s p o r e s l s t r i p .  
(2 )  Melamine formaldehyde (1. 9%). 
(3 )  Paraformal dehyde (1%). 



TABLE XV 

SUMMARY ON INACTIVATION OF EMBEDDED BACTERIAL SPORES 

BY FORMALDEHYDE LIBERATING ADDITIVES 

Exposure Time required t o  achieve in ternal  s t e r i l i t y  (1 1 
temperature Me1 amine formaldehyde Paraformal dehyde 

9.5% 1.9% 5 % 1 % 

-96 hrs 

36 hrs 

1 h r  

)96 hrs 

-72 hrs 

2 hrs 

24 hrs 

2 hrs 

15 m i n  

24 hrs 

6 hrs 

30 rnin 

(1)  1 x lo5 ~ a c i l l u s  stearothermophilus spores used as challenge 



TABLE XVI 

T e s t  cond i t i on  

Mi crobi  a1 growth(b) a f t e r  
exposure (mi n) a t  i n d i  ca ted  temperature  

Paraformal dehyde ( a )  

DMSO 

Paraformal dehyde(a) 
+ DMSO 

None 

( a )  1 mg/100 c c  a i r .  

( b )  B io log ic  i n d i c a t o r s  w i t h  1 x lo5  b a c t e r i a l  s p o r e s / s t r i p  suspended i n  s e a l e d  g l a s s  vesse ls .  



1- Paraformal dehyde 

Me1 ami ne 
orma 1 denyde 

A 

Hours 

FIGURE 1. LOSS OF FORMALDEHYDE FROM PARAFORMALCEIJYDE 
AND MELAMIEE FORMALDEHYDE AT 60C 



I Me1 ami ne 
formal dehyde 

Hours 

F I G U R E  2. LOSS OF. FORMALDEHYDE FROM PARAFORMALDEHYDE 
AND MELAMINE FORMALDEHYDE AT 90C 



- Paraformal dehyde 

1 2 3 5 6 12 24 48 72 168 
Hours 

F I G U R E  3. L O S S  O F  FORMALDEHYDE FROM PARAFORMALDEHYDE 
AND MELAMINE FORMALDEHYDE A T  1251: 



2 3 4 5 6 24 96 
Hours 

FIGURE 4. LOSS OF FORMALDEHYDE AND BIOCIDAL ACTIVITY FROM 
PARAFORtaLDEHYDE-RTV AIID MELAMINE FORMALDEHYDE-RTV AT 90C 



D a y s  
F I G U R E  5. L O S S  O F  FORMALDEHYDE GAS FROM PARAFORMALDEHYDE AT AMBIENT TEMPERATURE AND 45C 



Figure 6. Charac te r i s t i c  Inh ib i t ion  of Microbi a1 Growth by RTV-Steri l an t  Discs 

No. Test  Organism Additive 

Staphylococcus 
Staphy1ococcus 
Staphy1ococcus 

Escheri chi a 
Escheri chi a 
~ i c h e r i  chi a 

aureus 
aureus 
aureus 
col i 
col i - 
col i 

None 
Melamine formaldehyde (19%) 

Paraformal dehyde (1 0%) 
None 

Melamine formal dehyde (19%) 
Paraformaldehyde (10%) 
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APPENDIX 

TABLE I 

PROPERTIES OF PARAFORMALDEHYDE* 

Assay, a s  formaldehyde, w t  %, m i n  

Ash, w t  %, max 

Iron, ppm by w t ,  max 

Acidity,  as formic, w t % ,  rnax 

Water, w t  %, max 

Appearance 

Odor 

Flash point ,  Tag open cup, F approx. 

Igni t ion temperature, F approx. 

Methanol content  

Explosive l im i t s  f o r  formaldehyde gas: 
Per cent  by volume in  a i r ,  

Lower l i m i t  
Upper l im i t  

Molecular weight, approx. 

95.0 

0.01 

2.0 

0.03 

5.0 

White so l i d  

Pungent 

200 

575 

None 

So lub i l i ty  of paraformaldehyde i s  a function of pH and temperature; 
most soluble  a t  pH extremes and ref lux temperature. 

* "Paraformal dehyde" , Cel anese Chemi cal Company, Division of 
Celanese Corporation, New York, N. Y .  (1967) .  



A P P E N D I X  

T A B L E  I1 

WEIGHT LOSS OF RTV DURING C U R I N G  P R O C E S S  A T  A M B I E N T  TEMPERATURE 

Weight l oss  (%) a t  i n d i c a t e d  t ime (h rs )  
Sample 24 48 7 2 120 168 336 
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Figure 9 : Structure o f  Melamine Formaldehyde 



DIMETHYLOL UREA 

APPENDIX 

Figure 2:  St ructure  of  Urea Formaldehyde 



Figure 3: Structure of Phenol Formaldehyde 



APPENDIX 

Figure 4: Structure of  Paraformaldehyde 
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Figure 5: Test Procedure fo r  Eva1 uati on of Formaldehyde-Li berating Chemicals 



STRIP IS SEALED TEFLON WRAPPED STRIP (4X25mm) IN TEFLON 
EMBEDDED IN RTV CONTAINING 

f STERILANT ADDITIVES 

\ P r o c ! d u r e  

STRIPS EMBEDDED IN RTV IN PETRI 
DISH FOR EXPOSURE TO ELEVATED 
TEMPERATURES TO ALLOW CONTROLLED 
RELEASE OF STERILANT GAS. 

STRIP REMOVED ASEPTICALLY 
AFTER EXPOSURE PERIOD FOR 
ATTRIBUTE DATA. 

APPENDIX 

Figure 6: Embedding Procedure fo r  Verif icat ion of Internal  
S te r i  1 i ty  of Potting Compound 


